Abstract: By combining advanced fluid control technology with surface plasmonic resonance phenomenon, we could take advantage of various unique characteristics of plasmonics without changing the original structure to realize a tunable color filtering system. By modifying the wetting properties of solid surface with an electric field, electro-fluid control technology could tune the curvature of two-phase fluid interface continuously and, therefore, change the distributions of silver nanoparticles on the interface accordingly. Based on this fluidic optical design, we investigated the influencing factors of color filtering performance by modeling, finally got an optimized design to achieve broad spectrum filtering system. As the color filtering function is realized simply and rapidly by charging, and therefore, this design could improve the efficiency of the electro-optical systems and is a promising idea for many applications, such as the dynamic display devices.
Introduction
Surface plasmonic polaritons (SPPs), which could achieve strong enhancement in localized electric fields and break through the subwavelength diffraction limit of conventional optics, have attracted researchers' great attention in many fields [1] - [3] . Many plasmonic structures have been reported for their ability to sustain resonance bands for filtering applications [4] - [10] , such as nano grating arrays [11] , nano hole arrays [12] - [14] and other nanostructures [15] - [18] . These structures can filter a specific color by tuning the resonant absorption or transmission peak at the visible range. However, most of these designs are structure-based, which means the colors filtered are highly dependent on the structure parameters such as diameters, height, thickness width, and so on. Besides, the colors filtered are usually limited in a small range of the visible spectrum. Although Zhang et al. experimented and reported a design to use nematic liquid crystals to control the metal nanoparticle's dispersion, alignment, and assembly and make applications in switchable plasmonic color filters and E-Polarizers [19] , However, based on the action principle of liquid crystals, reversing liquid crystal molecules takes time. Besides, the response of liquid crystals is limited by temperature. When the temperature is low, the liquid crystals' respond time increases rapidly and is not suitable for the applications with high demands in tuning speed, such as video players, and so on.
This article aims to design a kind of color filtering system with two-phase fluid and silver nanoparticles, the absorption peak of which could be adjusted in the whole visible spectrum range continuously and rapidly. In order to realize this function, we introduced an advanced fluid control technology named electrowetting [20] - [23] , which is now widely used as driving method for fluid and Electro Optic devices, and based on the work of Moghaddam et al., we found the electrowetting technology could adjust the curvature of water/oil interface efficiently by modifying the wetting properties of solid surface with an electric field [24] . Meanwhile, the distribution of the silver nanoparticles on the two-phase fluid interface changed accordingly. In order to assure the silver nanoparticles could be evenly distributed at water-oil interface, we should also use emulsion to prevent these particles from sedimentation and agglomeration [25] , [26] . A modeling investigation is performed to prove the validity of this novel design. Furthermore, by selecting suitable particle size and initial distribution density, an optimized design to achieve broad spectrum filtering system is proposed. We believe that by combining the electrowetting technology and SPPs, we could find new applications in the field of novel electro-optical systems, such as fluidic display devices.
Modeling
The technology used in this article to adjust the absorption peak of silver nanoparticles is named Electrowetting. With two electrodes charged on different sides, this technology can be used to modify the interfacial energy between polarized fluid and conductive solid surface, and therefore get the water and oil interface changed in our model. Please note that, the silver nanoparticle behaves differently in different solutions and in different interfaces [27] , in this stimulation work, we only focus on the water-oil interface. The equation below is the relationship between voltage and contact angel:
θ is the contact angel under certain voltage, and θ 0 is the original contact angel. ε 0 is the permittivity of vacuum, ε r is the permittivity of the fluid, d H is the thickness of dielectric film, γ is the interface energy, and U is the charged voltage.
Here, we presented our experimental model in Fig. 1 . From Fig. 1 (a), we could get the main structure of the model used in this article. Silver particles were placed uniformly on the water/oil interface, as can be observed in Fig. 1(b) . By adjusting the voltage between two electrodes, the contact angles as indicated in Fig. 1 (c) can be changed. Supposing that the original water/oil interface is a hemisphere surface, the initial contact angel is 180 degree. Actually, the real initial contact angel of water-oil interface should be less than 180 degree. While, here, we use ideal model for stimulation work, and we assume that the initial contact angel is extremely close to 180 degree, so we use 180 degree to simplify our calculation steps. As is indicated in Fig. 1(d) , by adding the voltage between two electrodes, we could modify the interface from hemisphere surface to ellipsoidal surface, and finally get a circle plane after the contact angel being reduced to 90 degree.
Let's assume that the radius of the cylinder model is r nm, and the number of particles is n. When the contact angel is 180 degrees, the period of each two particle is given by d = 2πr 2 n when the contact angel is reduced to 90 degrees, the period of each two particles is expressed as
The equation we get here indicates that we could simply utilize electrowetting technology to adjust the original period of the silver particles from d nm to d/1.4 nm. As we all know that, the absorption peak of silver particles is deeply affected by the particle period, so it is hopefully to get the peak adjusted continuously in our design. In order to take full advantage of such effect, we should find out a certain kind of silver particles with proper diameter, period range and initial distribution, to realize the switchable absorption band in a broad visible spectrum range. Specifically, the finite difference time domain method (FTDT) is used in our modeling investigation.
Results and Data Analyzing
After designing the model we have mentioned above, we started a large amount of stimulation work to find a proper diameter and period range for the silver particles. We firstly determined the refractive index of water, oil, and the silver metal particles. In this work, the refractive index of oil is around 1.7, water is 1.33, and silver's refractive index is modelled in Drude model around visible spectrum, which is taken into account in our stimulation circumstance. Besides, actual refractive index changes with wavelength, however the effect is tiny and we aimed to design a ideal model for stimulation, so we ignore this distinction in our stimulation work. By setting a constant particle diameter, and modifying the particle period, the initial wavelengths and intensity of the plasmonic resonances can be determined. Then by limiting the range of period from d to d/1.4, the range of the absorption peak moved can be calculated. After that we change the diameter and repeat the work mentioned above. Finally, we compared the data we got and found out a desired property for our design. Fig. 2 indicates below shows our stimulation results of 50 nm, 80 nm, 120 nm, 160 nm, 200 nm, 250 nm silver nanoparticles, and the area between two black dash lines is the range the absorption peak moved from period d to d/1.4 (from right to left).
In Fig. 2(a) , we used silver particles with 50 nm diameter and set the original period d as 250 nm, and then we changed the period of particles until it decreases to 180 nm. From the figure we could From this stimulation result, we could prove the validity of this novel design, although the range the absorption peak moved is quite small. When the diameter of nanoparticles decline, the electrons escape from the surface of nanoparticles and conduct to the affinity energy level of the substrate, which means that the density of electrons decrease, and the frequency of free electron plasma (wp) decrease as well. Because the frequency of SPR (wsp) is proportional to wp, so the absorption peak moves to the left of the original one. Therefore, we decide to increase the diameter of these particles so that we could get a wider range of absorption wavelength. In Fig. 2(b) , we changed the diameter of silver particles to 80 nm and repeated our stimulation from period 180 nm to 250 nm. The absorption peak changed a little compared to that of 50 nm particles, which moved from 435 nm to 470 nm. From this result, we could find although the peak moved to a larger wavelength area, the range did not change, maintaining 35 nm. In Fig. 2(c) , we then used particles with 120 nm diameter and changed the range of period as well, because the SPR should be considered in a proper range of period between each two particles. If the period is too small relative to the diameter, the absorption peak may move out of the range of visible light, and when the period is too large, the interaction of two particles could be very small. In Fig. 2(c) , the absorption peak of 200 nm period is 420 nm, and that of 280 nm period is 505 nm. The peak moved 85 nm, which is much larger than that in both Fig. 2(a) and (b) . In Fig. 2(d)-(f) , we kept changing the diameter of particles to 160 nm, 200 nm, and finally 250 nm, and the period of them became larger accordingly. The absorption peak moved to a larger wavelength and the area between two black dash lines also becomes wider. When diameter is 160 nm, the absorption peak moved from 470 nm to 590 nm. When the diameter is 200 nm, the absorption peak is from 430 nm to 660 nm. In Fig. 2(f) , we used silver particles with 250 nm diameter. When the period is 320 nm, the absorption peak is 450 nm, and when it changed to 450 nm, the absorption peak moved to 730 nm. The wavelength moved for 280 nm, which covers most range of visible light. As a result, we find a kind of silver particle which has suitable properties to realize broad spectrum filtering. Fig. 3 below shows the relationship between contact angel and the absorption peak wavelength. By adjusting contact angel, while the diameter of particles is becoming larger, the absorption peak will change accordingly in a larger range.
We have proved above that the contact angel could control the particle period. From Fig. 3 , we could have a clear view of how contact angel had effect on the movement of absorption peak. Moreover, the equation about electrowetting which we have mentioned above indicates that the contact angel changes with the applied voltage continuously. Finally, by charging voltage between electrodes, we can make the period change continuously.
After performing the stimulation work on particles with different properties, we collected a large number of calculated data, from which, several other findings about this design have been observed. Fig. 4 shows below is a line graph about the relationship between absorption peak wavelength and diameter in different periods.
Firstly, from the Fig. 4 we could find that different period has different distribution in the wavelength. Basically, the larger period could induce larger wavelength, and some small periods could let the wavelength of absorption peak centered in the low number. For instance, when period is 450 nm, the corresponding wavelengths of absorption peak are all bigger than 700 nm, and when it turns to 150 nm period, the biggest wavelength is only approximate 425 nm.
Second, we could also find all of these lines have a similar trend that the wavelength rises to a peak and then climbs down. The rising trend is mainly because that when we use a particle with bigger diameter, the absorption band would move to a bigger wavelength, and the wavelength of the absorption peak will become bigger. As shown in Fig. 4 , we can find that the fall-off happens roughly when period = 2 * diameter. We have mentioned above that when the diameter of nanoparticles increases, the absorption peak will have a red shift. When the diameter continuously becoming larger, the period between each two nanoparticles may become so small compared to the diameter that we cannot ignore the influence of coupling resonance between those two particles, which will lead to the blue-shift of absorption peak [28] , [29] .
Finally, we could also find when we fixed on a diameter and increase the period, the increment of wavelength is different. We could find that the increment by bigger diameter particle is larger than smaller one when we increase the period. From the Fig. 4 we can see that when diameter is 250 nm, the gap between every line is wide, but there is only tiny change when the diameter is 50 nm. This conclusion could also well prove why we should make the diameter larger during our experiment.
Besides, the data we got and these discussions and findings above are all based on our ideal model in stimulation work. Therefore, there may be some factors we have ignored in our stimulation work which would effect our system in real experiments. For example, the contact angel hysteresis has effects on the system, when the voltage changes, the contact angel's change may have some delay in time and also small distinction compared to the theoretical value. We will take this question into consideration in further real experiment and make some change in our model based on how the effects act.
Conclusion
By doing this stimulation and analyzing work, we finally find a certain kind of SPPs device design to make the absorption peak move nearly across the whole range of visible spectrum. More importantly, this new design is all dependent on voltage, and therefore, the response time could be very short and different colors can be filtered and substituted rapidly. Besides, we find some rules of how absorption peak changes with the diameters of the particles when they are distributed in different periods. All the findings we have here are based on the stimulation of our module and more real experiments are desired in the future to improve this design. By combining the electrowetting technology with SPR in plasmonics, we could find a new potential of controllable color display, which is promising for many applications in optics.
